Abstract: Linear polarized electroluminescence was investigated for semipolar (3031) and (303 1) InGaN light-emitting diodes (LEDs) with various indium compositions. A high degree of optical polarization was observed for devices on both planes, ranging from 0.37 at 438 nm to 0.79 at 519 nm. The extracted valence band energy separation was consistent with the optical polarization ratios. The effect of anisotropic strain on the valance band structure was studied using kp method for the above two planes. The theoretical calculations are consistent with the experimental results. 
Introduction
Nitride based light-emitting diodes (LEDs) and laser diodes (LDs) have been extensively researched as they promise highly-efficient, cost-effective and environmentally-friendly illumination sources compared to conventional incandescent and fluorescent-based lighting [1] . Conventional GaN-based LEDs and LDs on the "polar" c-plane suffers from internal polarization-related electric fields which reduce the quantum well (QW) radiative recombination rate and cause large shifts in emission wavelength with increasing carrier injection [2, 3] . To circumvent these polarization effects, device on nonpolar and semipolar orientations have been studied for their potential to realize improved performance including high efficiency, high optical gain, high indium incorporation, and stable emission wavelength [4] [5] [6] [7] [8] .
In contrast to standard c-plane QWs, the unbalanced biaxial stress in the semipolar and nonpolar QWs results in partially polarized spontaneous emission [9] . This optical anisotropy is a consequence of the broken symmetry and associated valance band splitting in the nonpolar and semipolar crystal structure [10] . To describe the strain state, two coordinates system xyz and x'y'z' are usually defined for the natural and primed coordinate system. For the natural coordinate system, x is defined along the a-direction and y and z along the m-and c-direction, respectively. For the primed coordinate system, z' is in the direction of template's surface normal, while x' and y' axes are in the template's surface plane with the x' axis coincide with x axis (the rotation axis). The details of the coordinate definitions can be found in Ref [11] . On nonpolar (m-plane) orientation, the reduced symmetry, in comparison to cplane, and unbalanced plane biaxial stress breaks the x-y plane symmetry and splits the x iy  state into x and y state. The emission components polarized along the a-and caxes involve the highest and second highest valence bands, respectively [12] [13] [14] . This polarization property is of great interest to increase light throughput in back lighting systems and also contributes to the anisotropic optical gain in the LDs.
Although high optical polarization ratios have been reported for m-plane devices [12] [13] [14] , their long wavelength performance has been limited by the generation of basal plane stacking faults in high indium content QWs [15] . Recently, semipolar planes with miscut angles of 10 to 15° toward the c-direction from m-plane have been reported with improved performance in the long wavelength region [16] [17] [18] [19] . In this paper, we report a comprehensive study of optical polarization on semipolar (3031) and (303 1) InGaN LEDs (+/10° from m-plane towards the c-direction) by electroluminescence (EL) measurements. The high optical polarization ratios realized on these two planes are consistent with the calculation results using k•p method. Both the experimental data and the simulation result suggest that strain is the dominate factor for the optical polarization properties of both (3031) and (303 1) InGaN QWs. EL measurements were carried out under direct current (DC) operation at room temperature using a 0.45 numerical aperture 20 × microscope objective designed for collection of polarized light [20] . Black ink with mixed-in carbon black was applied to the bottom and side surfaces of the devices as a photon absorbing element to prevent multiple reflections [14] . The optical polarization ratio ( ), , is approximately given by the energy difference between emission peak wavelengths for the two polarizations [21] . The polarization ratios and energy separations for (3031) and (303 1) LEDs are plotted and discussed below. Schematic views of the microscope system used for the polarization measurements, the studied LED structure, and the semipolar crystal planes are shown in Figs. 1(a)-1(c), respectively.
Experiment
For the theoretical calculations, self-consistent Schrödinger-Poisson simulations were performed on (3031) and (303 1) InGaN/GaN QWs using the nextnano 3 code [22] . The QW of the simulated structures was assumed to be pseudomorphically grown on a GaN substrate and had the identical structure with that of the experimental devices. A small amount of unintentional n-type doping with a concentration of 8 × 10 16 cm 3 is assumed in both InGaN QW and GaN barriers. By solving the 6 × 6 k•p Hamiltonian including strain and polarization fields, the valance band dispersion relationships and the energy separation of the topmost valence bands were obtained for InGaN bulk/QW structures with different indium compositions. The details of simulation structures and parameters can be found in Ref [23] . Fig. 1 . Schematic views of (a) the microscope system used for the polarization measurements, (b) the studied LED structure, and (c) the semipolar (3031) crystal planes. [19] . It is reported that for certain semipolar planes (e.g., (1122) plane), the optical polarization switches for QWs with high indium compositions [10, 24] . This switching phenomenon was not observed for (303 1) nor (3031) devices. This is consistent with Schade et al. as semipolar planes with inclination angles higher than 69.4° are not affected by the polarization switching mechanism [10]. The intensity difference between the two components becomes larger as the wavelength increases, which is in good agreement with the theory. Similar results were obtained for (3031) LEDs from blue to green region (Figs. 2(d)-2(e) ). Figure 3 shows the (a) polarization ratio and (b) ΔE of (303 1) and (3031) LEDs as a function of the peak wavelength of the dominant emission. At comparable wavelength, devices of two planes show almost identical polarization ratio and degrees of band splitting. The values obtained are similar to that of m-plane [12] [13] [14] . Both the polarization ratios and the ΔE on the two planes show a monotonic increase with wavelength, which in good agreement with theoretical predictions [19] . It is anticipated that by incorporating more indium in the QWs, the unbalanced plane stress increases and thus further splits the valence bands. It has been theoretically predicted and experimentally verified that a high polarization ratio is preferable for achieving increased optical gain in laser diodes [25] . Devices grown on these semipolar planes exhibit high optical polarization ratios and therefore may facilitate improved LD performance in the green spectral region [16, 17] . LEDs with high optical polarization will also contribute to enhance the system power efficiency in the back lighting units [13] . It has been theoretically suggested that polarized emission from nonpolar and semipolar InGaN QWs is caused by unbalanced plane stress in the InGaN quantum wells [26] . To investigate the strain conditions and associated subband structures of the semipolar InGaN QW, strain components in the InGaN alloy must be determined. The lattice parameters of an unstrained InGaN alloy can be obtained by the Vegard's law which simply averages over all local distortions: a InGaN = xa InN + a GaN (1-x) . The lattice mismatch to the GaN substrate induces composition-dependent compressive in-plane strain. The strain components in and out of the c-plane, which are needed for the k•p approach, can be determined from the lattice mismatch [10] . Figure 4 presents the calculated strain components for semipolar (3031) QWs in the normal c-plane coordinate system. The details of the elastic constants used in the calculations can be found in Ref [27] . These pseudomorphic stress conditions lead to anisotropic strain in the c-plane (|ɛ xx -ɛ yy | 0), and a large shear-strain component ɛ xz . For the (303 1) alloy, the magnitudes of strain components are the same as those in the (3031) InGaN alloy, except that the shear-strain component has a negative sign. From our analytical calculations, identical band structures were obtained for both (3031) and (303 1) bulk InGaN alloys strained on GaN substrates, as expected from crystal symmetry. As the optical polarization ratio is measured from the light emitted from InGaN QWs, the quantum-confinement effect has to be taken into account. A typical InGaN QW is only a few nm wide, the confinement effect can thus in principle change the energy separation of the topmost subbands. Figure 5 shows the subband structure of a 3 nm semipolar (3031) In 0.2 Ga 0.8 N QW, calculated by using the self-consistent Schrödinger-Poisson simulations. The quantum confinement leads to the formation of several valence subbands in the QW structures. For (3031) and (303 1) QWs, at Γ point, the topmost subband has x' -like character and the second band has y' -like character. The energy separation (ΔE) is defined as the difference of these two topmost valance subbands at the Γ point. Figure 6 presents the ΔE for both InGaN bulk and QW (3 nm) structures on semipolar (3031) GaN substrates with different indium compositions. The energy separation increases with increasing indium compositions in both bulk material and the QW structures, suggesting that the strain is the dominate factor in determining the degree of energy separations and associated optical polarizations. This is consistent with the experimental data (Fig. 3(b) ). The difference between the bulk and QW results is however very small (less than 5 meV), indicating that the quantum-confinement effect on the band separation is not significant. 
Results and discussions

Conclusion
In summary, we have grown and fabricated LEDs on the semipolar (303 1) and (3031) plane with emission wavelengths ranging from blue to green. These devices have shown high optical polarization ratios and large valance band separations, which may facilitate improved LD performance and reduced power consumption in the back lighting systems. The obtained experiment data are consistent with simulated values obtained by the k•p method. The simulation also suggest that strain is the dominate factor for the optical polarization properties of above semipolar QWs, while the quantum-confinement effect is not prominent.
